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It was recently shown that BiTeI, a semiconductor with polar crystal structure, possesses a giant
spin-splitting of electrons, which has been interpreted in terms of Rashba-type spin-orbit coupling.
Here, we use high field magneto-optical spectroscopy to quantify the deviations of the conduction-
band profile from this appealing, but at the same time, strongly simplifying model. We find that
the optical response – comprising a series of inter-Landau level excitations – can be described by
the Rashba model only at low magnetic fields. In contrast, the high-field response appears to be
more consistent with a simple picture of massless electrons in a conical band. This points towards
more linear rather than parabolic at energies well above the bottom of the conduction band.
The interplay of broken inversion symmetry and spin-
orbit interaction gives rise to new states of matter such
as the helical surface state of topological insulators [1, 2]
or the skyrmion spin texture in ultra-thin films [3] and in
non-centrosymmetric bulk magnets [4, 5]. These systems
attract much attention owing to the numerous intrigu-
ing phenomena which has been observed or predicted in
them, e.g. spin-, topological- and quantum anomalous
Hall-effects [6–9], or topological superconductivity with
Majorana edge modes [10, 11]. Moreover, these funda-
mentally new states may find applications in spintronics
or in topological quantum computation [12, 13].
One of the most fundamental model describing itiner-
ant electrons with spin-orbit interaction in the lack of in-
version symmetry was developed by Rashba [14]. Beside
the kinetic energy, the model contains a spin-momentum
coupling term linear both in momentum p and in the spin
of the electron, which is allowed by a polar field assumed
to be oriented along the z-axis, zˆ:
HR = p
2
2m
+
α
~
zˆ · (σ × p), (1)
where m is the effective mass of the electron, σ are the
Pauli matrices and α is the Rashba parameter. Due
to the spin-orbit interaction the double degeneracy of
the parabolic band is lifted: ε±(k)=~2k2/2m ±αk (see
Fig. 1), and the electron spin whirls clockwise or coun-
terclockwise around the center of the Brillouin zone in
the k-space. This simple model was first used to de-
scribe the bulk band structure of semiconductors with
polar wurtzite structure such as CdS and CdSe [14], and
later applied to two dimensional electron gases subject to
structure inversion asymmetry [15] or to surface states of
heavy metals [16].
So far, the largest Rashba parameter was found in
the polar semiconductor BiTeI, which has Bi layers sit-
uated asymmetrically in between a Te and an I layer.
Spin- and angle-resolved photoemission spectroscopy
(sARPES) concluded that electron states at or close to
the surface have Rashba-like spin-split dispersion with
α=3.85 eVA˚ [17] consistent with ab-initio calculations
[18]. According to a recent study [19] even a single layer
of BiTeI can be stabilized on gold surface, in which the
coupling constant α is expected to be reduced to 2.1 eVA˚.
The band structure of bulk BiTeI has been studied by
Shubnikov-de Haas (SdH) oscillations [20–23] and optical
spectroscopy [24, 25], which also indicate the existence of
two Fermi surfaces corresponding to the spin split inner
and outer Fermi surfaces, IFS and OFS, respectively.
The majority of magneto-transport and magneto-
optical experiments performed so far on BiTeI, have been
interpreted on the basis of the Landau level (LL) spec-
trum implied by the Rashba model:
ε±N = ~ωcN ±
√(
~ωc
2
− gµB
2
B
)2
+ 2e~v2NB,
ε0 =
~ωc
2
− gµB
2
B, (2)
where B is the external magnetic field applied along the zˆ
direction, ωc=
eB
m is the cyclotron frequency related to the
quadratic part of the dispersion ε±(k), v=α~ is the veloc-
ity parameter at the crossing point of the spin-polarized
parabolic bands, g is the spin only g-factor, and N is a
positive integer [14]. As shown in Fig. 1, there are two
series of LLs corresponding to the two spin-split bands:
ε+N monotonously increases with field while ε
−
N decreases
in low fields till it reaches the bottom of the ε− band
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2FIG. 1: (Color online) (a) A schematic view of energy-
momentum dispersion relation implied by the Rashba model,
with the inner and outer Fermi surfaces indicated by yel-
low lines (IFS and OFS, respectively). (b) The LLs spec-
trum implied by the Rashba model for m=0.09m0 and
v=5.75×105 m/s. Vertical arrows indicate the electric dipole
transitions between the filled (dark brown) and empty states
(dark yellow).
and then it also increases. The two different SdH oscilla-
tion frequencies have been assigned to the series of LLs
crosses the IFS and OFS as the field is increased [20–23].
On the other hand the results of the previous low mag-
netic field cyclotron resonance study can be explained
by a single conical band [26]. Since the Rashba energy
dominates the dispersion, when the Fermi-energy is close
to the band crossing point, the energy levels and corre-
spondingly the observed transition energies follow square
root dependence both on the LL index, N and the mag-
netic field: ε±N ≈v
√
2e~NB, which is characteristic of
Dirac fermions. Furthermore, the selection rules are also
identical in the two cases. The electric dipole term ex-
cites electrons from state N to states N ± 1 irrespective
of the ± index of the initial or final states.
In higher magnetic fields the LL spectrum implied by
the Rashba model significantly deviates from the one
known for massless Dirac electrons. The doubly de-
generate transition of the conical model are split as
ε(0→1+)-ε(1− →0)=~ωc+gµBB and ε(N−→(N+1)+)-
ε((N+1)−→N+)=2~ωc for N 6=0 due to the parabolic
term in the dispersion ε±(k). Such deviations from
the conical band model are in principle observable in
magneto-optical experiments, provided the cyclotron en-
ergy ~ω becomes larger, or at least, comparable with the
width of inter-LL resonances.
In this paper, we study the bulk band structure of
BiTeI using high-field LL spectroscopy, which provides
us with relatively high spectral resolution. In contrast
to our former study [26], we measured directly the field
induced changes in the absorption spectrum by detect-
ing the light transmission through thin flake samples. We
show that the optical response due to inter-LL excitations
in BiTeI can be described in a broad range of applied
magnetic fields (up to 34 T) using a simple Dirac-type
model for massless electrons in a conical band. This ob-
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FIG. 2: (Color online) (a) Zero-field absorbance spectrum,
which is derived from the transmission, T as A=-log(T ). Epl,
Eβ and Egap are the energy of the plasma edge, β-transition
and the band gap, respectively. (b) Magnetic field dependence
of the relative absorbance spectra. For clarity the spectra
are shifted in proportion with the magnetic field. The tip of
the solid arrows show the position of the inter Landau-level
transitions as plotted in Fig. 3. The empty arrows marks an
unresolved absorption peak at the high energy side of the 0→1
transition.
servation limits the quantitative validity of the Rashba
model to a relatively narrow range of momenta around
the band crossing point, where the Rashba and Dirac-
type models imply nearly the same magneto-optical re-
sponse.
Using a Leica microtome thin ab plane cuts were pre-
pared from a single crystal of BiTeI which was grown by
the Bridgman method as described in Ref. 17. Only the
thinnest slices, which had a thickness of approximately 1-
2µm, were transparent enough for the transmission mea-
surements. Infrared absorption spectra were measured in
the High Magnetic Field Laboratory Grenoble (LNCMI-
G) using a commercial Bruker Fourier-transform spec-
trometer. The radiation from the spectrometer, which is
guided by a light-pipe, is transmitted through the sam-
ple and detected by a bolometer placed directly below the
sample. The temperature of the sample was 2 K during
the measurement, whereas magnetic fields up 13 T and
34 T were provided by a superconducting solenoid and by
a resistive coil, respectively.
A typical zero-field absorbance spectrum, A is shown
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FIG. 3: (Color online) The magnetic field dependence of the
inter Landau-level transitions. Filled trianguls (circles) indi-
cate the experimental resonance energies obtained from mea-
surements in transmission (reflection) geometry. Open circles
are reproduced from Ref. 26. Solid lines represent a fit with
a conical model which gives v=5.75×105 m/s. Dashed lines
show the Landau-level dispersion in the Rashba model with
the same α=v~ and m=0.09m0, g=2.
in Fig. 2 (a), which is derived from the measured trans-
mission, T as A=-log(T ). Since the absolute value of
the intensity could not be measured the scale of the
absorbance is arbitrary. At low photon energies, the
transmission drops significantly below the plasma edge
(Epl ≈ 125 meV). At high photon energies, the transmis-
sion window closes due to interband excitations across
the fundamental energy band gap (Eg ≈ 600 meV). The
relatively abrupt increase of the absorption at photon
energies below Eβ ≈ 400 meV is due to the onset of ex-
citations between spin-split conduction band, see the β
line in Fig. 1 (a).
The collected magneto-absorbance spectra are pre-
sented in Fig. 2 (b), always normalized by the zero-field
absorbance and corrected for the field-induced variation
of the bolometer’s response. With increasing field a series
of maxima appear in the relative magneto-absorbance
spectra A(B)-A(B = 0), which is associated with in-
dividual inter-LL excitations, see Fig. 1 (b). An addi-
tional modulation appears around the photon energy of
Eβ . This modulation reflects the magnetic field induced
splitting of high-energy onset of absorption between spin-
split conduction band (β transition).
The field-dependence of inter-LL resonances are plot-
ted in Fig. 3. These data are complemented with po-
sitions of resonances observed in additional magneto-
reflectivity experiment performed on a sample from the
same batch (up to 13 T) and compared with results from
Ref. 26. Importantly, the positions of all resonances ob-
served in this study, but also those from Ref. 26, may be
fitted using a simple model that assumes electric-dipole
excitations (N→N ± 1) between Landau levels of elec-
trons with conical dispersion. Within such a single-cone
model, the field dependence of the resonances can be fit-
ted with a series of square root of B curves, using the
slope of the conical band v as the only fitting parameter.
The resulting fit describes the experimental data rather
well and implies v=5.75×105 m/s.
Importantly, this conclusion is clearly not consistent
with expectation based on the Rashba model, in which
absorption line splits into two components with the in-
creasing magnetic field due to the parabolic (kinetic)
term in Eq. 1. The expected positions of inter-LL
resonances within the Rashba model are plotted with
the dashed lines in Fig. 3, which were calculated us-
ing the full LL spectrum in Eq. 2 for m=0.09m0 and
α=v~=3.785 eVA˚. In our experimental data, we find no
traces of such splitting. This indicates that the linear dis-
persion is a better approximation (rather than quadratic
dispersion) in fairly broad range of energies around the
band crossing point at k=0. The Zeeman term with non-
zero g-factor would result in a deviation from the
√
B
field dependence of the transition energy of the 0→1+
and the 1−→0 transitions and the corresponding split-
ting should appear in the magneto-absorbance spectra.
Within the accuracy of the measurement none of these
effects are detected, thus, the energy of the 0th LL is field
independent, and the g factor is negligible.
Interestingly, a high-energy shoulder develops on the
0→1 transition above B>10 T and its position weakly in-
creases with the magnetic field (open triangles in Fig. 2).
Its position in the spectrum rather well coincides with
the plasma energy Epl∼120 meV. However, we do not see
any apparent mechanism which would enable coupling of
the longitudinal plasmon wave with the transversal opti-
cal wave in the present experimental configuration. The
high-energy shoulder of the 0→1 absorption line, or in
general the line asymmetry, may be in a bulk material
related to the particular profile of the joint density of
states, which reflects different c-axis dispersion of elec-
trons in the n = 0 and n = 1 LLs. However, this effect
can only cause a high energy tail in the joint density of
states decaying as 1/
√
E, which cannot explain the ob-
served side-peak. Another explanation could be that the
high-energy shoulder may appear due to the splitting of
0→1+ and 1−→0 transitions, but the overall character of
the high-energy shoulder – the magnetic field dependece
of the position and intensity, in particular – do not make
this option probable.
Let us now discuss the modulation of A(B)-A(B = 0)
spectra which appears around the high-energy onset of
absorption between spin-split conduction band (around
transition β in Fig. 1 (a)). This modulation may be
straightforwardly explained in terms of inter-LL excita-
tions, when electrons are promoted by incoming radia-
tion from the highest occupied N− LL in the lower spin-
4split (OFS) conduction band to (N − 1)+ and (N + 1)+
level in the upper band. The absorption edge at Eβ
then becomes split by the energy of 2~ωc in the Rashba
model. However, in BiTeI the energy of the splitting
cannot be resolved due to line broadening, thus, it trans-
lates in the relative magneto-transmission spectra A(B)-
A(B = 0) into a horizontal-s-like profile around the en-
ergy of Eβ=430 meV.
A simple Rashba model predicts the energy of β tran-
sition to be ∼700 meV for the above deduced value of the
velocity parameter, α= v~=3.785 eVA˚and m=0.09m0.
This discrepancy, that the Rashba model fails to con-
sistently describe the position of the β transition, can
also be noticed if its carrier density dependence is anal-
ysed as in a previous MOKE study [25]. The energy of
the β transition almost independent of the carrier den-
sity, which is also rather consistent with linear bands in
the conduction band.
In this paper, we report the observation of a se-
ries of inter-LL transitions in a BiTeI sample placed
in high magnetic fields. All of the transitions can be
explained by a conical band with a velocity parameter
v=5.75×105 m/s. Even though the conduction band of
BiTeI is nowadays routinely described using the Rashba
Hamiltonian, we conclude that its validity is only quali-
tative in a broader range of momenta.
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